BACKGROUND/OBJECTIVES: Post-exercise hypotension (PEH) is a sustained reduction in mean arterial blood pressure (MAP) after prolonged exercise. As water drinking is known to elicit a large acute pressor response, we aimed to explore the effect of drinking water during exercise on PEH. SUBJECTS/METHODS: Ten normotensive male volunteers performed the control protocol: 30 min supine rest, 60 min cycling exercise in moderate intensity, and 60 min supine rest recovery. In the water drinking protocol, the same procedure was followed but with water intake during exercise to compensate for exercise-induced body weight lost. Heart rate, MAP, cardiac output and blood flow in the brachial artery were measured pre-and post-exercise. The total vascular conductance (TVC) and the vascular conductance (VC) in the brachial artery were calculated pre-and post-exercise, and the relative change in plasma volume (DPV) was also measured. RESULTS: Body weight loss during exercise was 0.65±0.24 kg in the control. DPV was not different during recovery in either protocol. MAP in the control was significantly reduced during the latter half of the recovery compared with baseline. In contrast, MAP in the water drinking showed no reduction during recovery, and was significantly higher than in the control. TVC and VC in the brachial artery were lower in the water drinking, in which vasoconstriction was relatively exaggerated. CONCLUSIONS: Prevention of dehydration after exercise by oral water intake, or oral water intake per se has a role in maintaining post-exercise MAP and it may be related to reduction in TVC.
INTRODUCTION
Water is essential for life and is the major constituent of the human body. The ability of the body to redistribute water within its fluid compartments provides a reservoir to minimize the effects of a water deficit. 1 Water is essential for maintaining an adequate blood volume (that is, plasma volume; PV) and thus the integrity of the cardiovascular system. 1 Circulatory PV is tightly linked to blood pressure (BP) control, such that hypertensive diseases triggered by expansion of the extracellular fluid volume have frequently been characterized. [2] [3] [4] One of the causes of acute disturbance of water homeostasis in the body is dehydration during aerobically prolonged exercise, for example, vigorous walking, jogging or cycling.
In healthy individuals, as well as in essential hypertensive patients, a single bout of aerobically dynamic exercise is known to elicit an acute reduction in mean arterial pressure (MAP) relative to pre-exercise levels for approximately 1-3 h. [5] [6] [7] This phenomenon is called post-exercise hypotension (PEH), and provides the basis for the antihypertensive effect of regular exercise training, especially in mildly hypertensive patients. 5 In fact, in such patients, the antihypertensive effects after exercise can last more than 12 h. 7 On the other hand, there is a possibility that PEH may induce severe orthostasic hypotension after exercise and predispose toward syncope in some populations such as the elderly and patients with autonomic failure. 8 Charkoudian et al. 9 suggested a decrease in cardiac baroreflex sensitivity with exercise-induced dehydration as one of the mechanisms of PEH. They also demonstrated that the reduction in MAP after exercise disappeared when intravenous saline was infused to prevent dehydration during exercise. This has an important implication for both healthy subjects and patients with chronic orthostatic intolerance who restrict exercise clinically because of symptoms during and/or after exercise. However, the maneuver used for prevention of the dehydration induced by exercise was invasive (that is, an unacceptable method in practice). Recently, clinical observations indicated a rapid, acute pressor response of oral water intake, in particular in the elderly with postprandial hypotension and in patients with autonomic failure. [10] [11] [12] Also, oral water intake has an acute effect on BP even in normal subjects, although the effects are more subtle. 11, 13 Although the exact mechanism that causes this pressor response has not been precisely elucidated, it is likely to involve vasoconstriction via water-induced sympathetic activation. 12, 14 The increase in BP by drinking water is associated with an increase in plasma norepinephrine levels and sympathetic nerve discharge, 15 and a consequent increase in vascular resistance in the periphery. 15, 16 Taken together, the previous studies indicate that the sufficient oral water intake during exercise has a possibility to prevent the hypotension after exercise via the effect of hydration and/or vasoconstriction. To our knowledge, the acute effect of oral water intake during exercise on PEH has not yet been evaluated. Therefore, we examined whether or not adequate oral water intake during exercise would prevent/attenuate PEH.
SUBJECTS AND METHODS
Ten healthy, normotensive, non-smoking male volunteers (age: 20-31 years) participated in this study and gave written informed consent. Their height was 163-177 cm and weight was 50-64 kg. The study was approved by the Institutional Ethics Committees in accordance with the Declaration of Helsinki. Subjects had a sedentary lifestyle and performed no regular endurance training or participated in 42 h of aerobic exercise per week.
The subjects arrived in the laboratory after abstaining from caffeine and exercise for at least 1 day, and from food and drink for at least 3 h. Before the main protocol, subjects performed a stepwise-graded cycle (232CXL; Combi, Japan) ergometer exercise at 30, 60 and 90 W every 5 min at 60 r.p.m., followed by a 3-min rest in an upright position to determine the work rate for the main protocol. Heart rate (HR) was monitored via a threelead electrocardiogram (BP-88 S; Colin, Tokyo, Japan) during exercise. To determine the work rate for the main protocol, using the linear relationship between steady-state HR at the end of each stage of work rate, and the work rate corresponding to HR at B60% of HR reserve (calculated as 0.6*[(220 À age) À resting HR] þ resting HR) was estimated. This work rate was used for the 60 min exercise period in the main protocol. The ambient temperature of the experimental room was kept at 23 ± 0.5 1C and 40-50% relative humidity by a thermal feedback device.
To perform the two study protocols, the subjects reported to the laboratory on two separate days at the same time and day of the week at least 3 h postprandial, with abstention from caffeine and exercise for 1 day. That is, each protocol was undertaken exactly 1 week apart. The measurements and procedures for the two experimental visits were identical, with the exception of water consumption during exercise: an oral water drinking protocol and a control (no water drinking) protocol. On arrival, each subject voided his bladder and wore shorts and T-shirt. The subjects were then laid in a supine position for instrument application and remained in same position for at least 30 min for resting measurements before the onset of exercise. The subjects were weighed to the nearest 5 g (FG-150KAM, A&D, Tokyo, Japan) undressed behind a privacy screen. The exercise consisted of a 60-min period of upright conventional cycling at 60 r.p.m. at an intensity of 60% HR reserve. After the exercise, the subjects undressed and dried and weighed themselves immediately, then changed into new shorts and T-shirt and rested in a supine position for a further 60 min of recovery measurements. They weighed themselves undressed again at the end of recovery. The control protocol was always assigned first for calculation of volume of water required for ingestion in the water drinking protocol for each subject, which was based on the body weight lost during the control protocol. This was determined from differences in nude weight immediately before and after the exercise for each subject, and the volume of drinking water in the water drinking protocol was equivalent to the amount of body weight lost during exercise in the control protocol. The subject was required to ingest the prescribed amount of bottled water (10 1C) ad lib until the end of exercise in the water drinking protocol (mean volume: 0.65 l). In addition, 3 subjects out of 10 performed thirdly the control protocol again on a subsequent day to confirm the influence by the order and day. The body weight loss during exercise and the cardiovascular responses after exercise of three subjects who performed the control protocol in twice occasions were very similar to their first control protocol. The extent of dehydration was assessed by subtracting post-exercise body weight from the value measured before exercise, and calculated as a percent of pre-exercise body weight.
All pre-and post-exercise measurements were taken in a supine position. HR and arterial BP (systolic BP, MAP and diastolic BP) were monitored throughout the protocols. HR was monitored using a 3-lead electrocardiogram and resting arterial BP was measured in the right arm using an automated oscillometric device (BP-88S, Colin). Pre-exercise (that is, baseline) measurements were obtained after 30 min of supine rest in the quiet room. Post-exercise measurements were taken every 5 min for 1 h after cessation of exercise. The beat-to-beat resting stroke volume (SV) was estimated by the model flow method instrument (Finometer pro; Finapres Medical Systems Amsterdam, The Netherlands), which provides a reliable estimate of changes in SV, even during exercise in healthy young humans. 17 SV was measured at the same time as HR and BP for calculation of cardiac output (CO) and total vascular conductance (TVC), where
The blood flow of the right brachial artery was obtained using a pulsed and echo Doppler ultrasound for measuring mean blood velocity and arterial blood vessel diameter. The mean blood velocity was obtained on a beat-by-beat basis with pulsed Doppler ultrasonography apparatus (LOGIQS6; GE Medical System, Tokyo, Japan) using a linear 5.0 MHz probe with an insonation angle below 601. The diameter of each vessel was measured simultaneously with an imaging frequency of 12.0 MHz. The brachial artery was measured at the level of the antecubital fossa of the right elbow. The sample volume was positioned in the center of the vessel and adjusted to cover the width of the diameter of the target artery. Each cardiac cycle Doppler tracing was analyzed using integral software to obtain the mean blood velocity of each target artery. Blood flow was calculated from the mean blood velocity and cross-sectional area of each vessel, and measured for at least 20 s during each measurement period. The details were described in our previous study. 18 The vascular conductance (VC) of the brachial artery was calculated as the ratio of each blood flow to MAP.
Venous blood samples were taken from a left hand finger for hematocrit and hemoglobin measurements at pre-exercise, immediately after the end of exercise (termed '0' min), and 30 and 60 min post-exercise. The hematocrit was measured in quadruplicate by a portable hematological analyzer (i-STAT 200, Abbott Point of Care, Princeton, NJ, USA). Hemoglobin was measured spectrophotometrically (Hemocue-201, HemoCue, Angelholm, Sweden). The relative changes in PV (DPV) from baseline were calculated from the hemoglobin concentration and hematocrit using the method of Dill and Costill. 19 Additionally, urinary volume was measured at the end of each protocol.
Values are expressed as mean±s.d. Two-way analysis of variance with repeated measures was used to assess the differences between the water drinking and control protocols, and serial changes in each variable (that is, two factors; protocol and time). When significance was detected with time, this was further examined by Dunnett's post hoc test against the preexercise value. Also when significance was detected with the protocol, this was further examined by the paired Student's t-test. In addition, DPV was measured to determine whether the relative change would be zero or not. All statistical procedures were performed by SPSS 12.0 for Windows (SPSS Inc., Chicago, IL, USA). Statistical significance was accepted at Po0.05.
RESULTS
The work rates of 60 min exercise in the main protocol corresponding to 60% of HR reserve were 60-122 W. HR at 30 and 60 min during exercise were 124 ± 8.4 and 136 ± 11.3 b.p.m. in the control protocol, and 127±8.2 and 136±10.7 b.p.m. in the water drinking protocol.
During the control protocol, body weights were significantly decreased immediately after exercise termination (59.13 ± 7.57 kg) and at the end of the protocol (59.08±7.55 kg), compared with the pre-exercise level (59.78 ± 7.78 kg). The extent of dehydration was assessed by subtracting the body weight immediately after exercise cessation from the value of the pre-exercise level. Average fluid loss during exercise was 0.65±0.24 kg, or 1.0 ± 0.3% of body weight. In contrast, body weight did not change throughout the water drinking protocol (59.49 ± 7.84 kg pre-exercise, 59.46±7.84 kg at exercise termination and 59.41±7.81 kg at the end of the protocol), while there was no difference in body weights pre-exercise between control and water drinking protocols. Three subjects who performed the control protocol again in a third visit confirmed very similar reductions of body weight to their first control protocol. The amount of water intake during exercise in the water drinking protocol was 0.65 ± 0.27 l. The urinary volumes at the end of the control and water drinking protocols were 0.12±0.08 and 0.21 ± 0.16 l (P40.05), respectively.
HR and BP responses during post-exercise recovery are shown in Figure 1 . The time course of HR responses during recovery were not significantly different between control and water drinking protocols. Until the end of the protocols (that is, 60 min recovery), HR was still significantly higher in both protocols compared with those pre-exercise. In the control protocol, the significant reductions in systolic BP and MAP were recognized during recovery of exercise (that is, 30-60 min) (Figure 1 ). Even for diastolic BP, a significant reduction was observed at 30 min recovery. During the latter half of 1-h recovery in the water drinking protocol, there were no significant reductions in systolic BP, MAP and diastolic BP compared with pre-exercise (Figure 1 ). There were statistically significant differences in MAP and diastolic BP between the control and water drinking protocols.
The values of CO and TVC during post-exercise recovery are shown in Figure 2 . Temporal changes in CO were not significantly different between control and water drinking protocols. The CO in both protocols at 15 min after the cessation of exercise was elevated because of the higher HR (Figure 1) , not to SV (Figure 2b ). In the control protocol, the TVC during recovery up to 45 min was increased significantly compared with that pre-exercise, whereas the water drinking protocol showed higher TVC only at 15 min and no difference subsequently from the pre-exercise level (Figure 2c) .
The TVC showed a tendency to be higher in the control protocol, compared with the water drinking protocol (P ¼ 0.071; the protocol effect by two-way analysis of variance), so that the sustained lower MAP during recovery in the control protocol, that is, PEH (Figure 1 ), was induced mainly by higher TVC. The relative change of VC in the brachial artery (the conduit artery of the nonexercising forearm) was consistently lower in the water drinking protocol compared with the control protocol ( Figure 3) . Compared with pre-exercise levels, the VC in the brachial artery was significantly higher until 45 min after the cessation of exercise in the control protocol, whereas VC was lower at 45 and 60 min in the water drinking protocol. Three subjects who performed the control protocol again in a third visit confirmed very similar cardiovascular response to their first control protocol.
The relative percentage changes in PV from pre-exercise during 60 min post-exercise recovery are shown in there was a tendency for a smaller decrease in PV in the water drinking protocol (P ¼ 0.073), the relative reductions in PV at 30 and 60 min during recovery were not different between the protocols (P40.05), and PV was restored. In either the water drinking or control protocol, there were initially significant reductions in PV (Po0.05) just after the cessation of exercise, and there was a tendency for less dehydration in the water drinking protocol (9.7 ± 8.8%) compared with the control protocol (15.4 ± 6.2%; P ¼ 0.069).
DISCUSSION
The purpose of this study was to clarify whether oral water intake during prolonged aerobic exercise affected the BP response during subsequent recovery. The phenomenon of PEH was confirmed in the control protocol. In contrast, there was no substantial change in BP during recovery in the water drinking protocol after oral water intake which offset the body weight lost by dehydration during exercise. The abolition of PEH in the water drinking protocol was not derived from PV restoration, but mainly from a relative reduction in TVC potentially as a result of sympathetic vasoconstriction.
Dehydration during exercise has adverse effects on cardiovascular function, such as orthostatic intolerance and a relative tachycardia. Even mild post-exercise dehydration increases resting HR and decreases tolerance to lower body negative pressure. 20 Dehydration resulting from bed rest 21 or diuretic use 22 also induces a decrease in orthostatic tolerance at rest. The loss of PV because of dehydration by these factors at rest leads to a reduction in central venous pressure, which may influence baroreflex control and then induce changes in the cardiovascular response. However, unlike at rest, exerciseinduced dehydration decreases PV very little because the fluid shift acts to restore intravascular volume. 23 The present study also showed that the PV after exercise, especially during hypotension, did not significantly change from the pre-exercise level in the control protocol (Figure 4 ). In addition, the temporal change in PV after exercise showed similar responses in both the control and water drinking protocols. These observations indicate that the apparent lack of a role for PV in PEH as, at least, under the current/ similar circumstances. It is further supported by the fact that water balance (osmoregulation) and sodium homeostasis (volume regulation) are regulated by the different pathways. 24 MAP is substantially determined by the balance of CO and TVC. PEH has been thought to be induced by a relatively higher TVC rather than a relatively insufficient CO in most individuals, [5] [6] [7] although, in some specific populations such as older hypertensive patients 25 and endurance-trained men, 26 PEH is largely mediated by a lower CO. The elevated TVC that causes PEH is predominantly attributed to greater vasodilatation in exercising and nonexercising muscles. [5] [6] [7] The present study showed similar results, with TVC and VC in the brachial artery consistently elevated during recovery (up to 45 min in Figures 3c and 4 ) compared with preexercise in the control protocol (that is, PEH appearance). The precise mechanisms underlying the vascular responses during PEH remain unknown. As for potential mechanisms, a decrease in sympathetic vasoconstrictor outflow and attenuation of vascular responses to sympathetic vasoconstrictor outflow via impaired a-adrenergic receptor stimulation by local vasodilators, with increased VC, have been postulated to be involved in exercising and non-exercising muscles during PEH. 27, 28 Charkoudian et al.
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also showed that post-exercise dehydration caused a reduction in muscle sympathetic nerve activity and cardiac baroreflex sensitivity compared with pre-exercise, leading to the reduction in BP after prolonged exercise. In addition, they demonstrated that prevention of dehydration with intravenous saline infusion during exercise minimized the post-exercise decrease in BP and did not significantly change the cardiac baroreflex sensitivity from preexercise. However, their maneuver for prevention of the dehydration induced by exercise was invasive. In contrast, the present study was designed to offset the water deficit by oral water intake approximately equivalent to the weight loss during prolonged exercise, as a more conventional method for individuals with chronic orthostatic intolerance. Generally, subjects dehydrate during exercise because of a mismatch between water intake and water requirements. In these instances, the person is euhydrated at the onset of exercise but develops hypohydration over a prolonged period. 1 Almost all previous studies concerning PEH had no detailed description of the method and amount of water ingestion during the protocol. The thirst sensation may cause an inadequate drinking response, 29 such that even in subjects with ad lib water intake during prolonged exercise would usually have a water deficit. 28 In the control protocol, TVC and VC in the brachial artery were consistently elevated during recovery compared with preexercise. In the water drinking protocol, however, TVC showed no substantial change compared with the pre-exercise level. Furthermore, the VC in the brachial artery was significantly decreased during the latter half of the recovery period compared with pre-exercise and was lower than that in the control protocol ( Figure 3) . These results suggested that the prevention of dehydration by appropriate water intake induced a vasoconstriction peripherally to overcome the local vasodilation following exercise. This effect could be related to sympathoexcitation not only by the prevention of dehydration but also by oral water ingestion for example. Water drinking has been recognized as a powerful treatment for orthostatic and postprandial hypotension in patients by virtue of its profound pressor response. 11, 30 Oral water intake also has effects on BP and HR in normal subjects, although the actions are more subtle. 13, 31 The water-induced pressor response appears to be mediated through sympathetic nervous activation. 32 However, this increase in BP after fluid ingestion is not obtained when the same volume of 5% dextrose in water is administered by venous infusion. 32 The pressor response after water drinking at rest is likely to result from hypoosmolarity rather than gastrointestinal stretch or water temperature, because the maximal response was usually observed after B40 min. 13 The local changes in osmolality through water drinking may elicit a powerful pressor response via sympathetic nervous system activation. Studies in mice suggest that this osmopressor response may involve activation of transient receptor potential vanilloid 4 receptors, which may be located on putative peripheral osmoreceptors in the portal vein and liver. 33, 34 However, the afferent nerve cell population serving as peripheral osmosensors and the exact transduction mechanisms are still not well understood. It should be emphasized that this osmopressor response is not induced by saline infusion and/or liquid containing the sodium chloride. These mechanisms in detail have been studied and reviewed elsewhere. 13 Taken together with these findings, the abolition of PEH by water intake in the present study seems to be associated with vasoconstriction through the activated sympathetic nervous system as an osmopressor response induced by water drinking. These concepts, of course, warrant further investigation.
In case study, Thijs et al. 35 reported that the consumption of 1000 ml tap water at pre-exercise prevented idiopathic exerciserelated syncope. Therefore, they suggested water drinking as a simple and possible effective therapy for idiopathic exerciserelated syncope. 35 We also demonstrated that sufficient oral water intake during exercise not but before exercise abolished PEH. Water drinking may have therapeutic utility in idiopathic exercise-related syncope for healthy subjects and subjects with chronic orthostatic intolerance that have a limited ability to exercise. In addition, previous studies showed that water drinking has had an important impact on the management of autonomic nervous system disorders. [10] [11] [12] [13] [14] 29 Water drinking delays presyncope with orthostatic stress in healthy young subjects and in patients with neurally mediated syncope, and decreased syncope risk during blood donations-related vasovagal reactions. 13, 14, 36 Furthermore, water drinking attenuates postprandial hypotension. 37 The osmopressor response induced by drinking water may be valuable in the clinical treatment of orthostatic and postprandial hypotension in patients with autonomic failure, and in patients with neurally mediated syncope, and the phenomenon should also be recognized as an important confounder in cardiovascular and metabolic studies in relation to exercise.
In conclusion, this study showed that oral intake of an amount of water equivalent to the reduction in body weight resulting from dehydration of exercise prevented PEH. The mechanism involved a reduction in TVC rather than PV restoration, and may be induced by the prevention of dehydration because of oral water intake and/or oral water intake per se.
